All Legionella species express a 60-kilodalton (kDa) protein which contains a genus-specific epitope recognized by murine monoclonal antibody GW2X4B8B2H6. A genomic cosmid library of Legionella pneumophila chromosomal DNA was constructed in pHC79 and screened for 60-kDa antigen-expressing clones with the monoclonal antibody. A 3.2-kilobase EcoRI fragment from cosmid 14B11 expressing a 60-kDa protein was subcloned into pUC19 (pSH16), and deletion of a 1.2-kilobase HindlIl fragment (pSH16A) generated a 33-kDa truncated polypeptide no longer reactive with the monoclonal antibody. Southern blot analysis of chromosomal DNA from selected Legionella species restricted with EcoRI and probed with the 1.2-kilobase fragment coding for the carboxyl region of the protein revealed DNA homology which was not observed with DNA from Escherichia coli. Maxicell analysis of pSH16 identified a second polypeptide of approximately 15 kDa expressed from a gene (htpA) upstream of the gene coding the 60-kDa protein (htpB). Both proteins were preferentially synthesized by L. pneumophila following heat shock (temperature shift from 25 to 42°C), and under steady-state growth conditions the relative level of 60-kDa protein was unaffected by temperature. In E. coli, expression of a 60-kDa protein from pSH16 also increased following heat shock (25 to 42°C), but under steady-state conditions expression was temperature dependent. Temperature-dependent expression from pSH16 was not observed in an rpoH (htpR) mutant strain of E. coli. The Legionella 60-kDa protein appears to be a heat shock protein which shares cross-reactive epitopes with the GroEL homolog of E. coli. In addition, a region of htpB encoding the 27-kDa carboxyl portion of the protein containing the monoclonal antibodyreactive epitope also contains DNA sequences unique to and conserved within the genus.
Legionella pnelumophila and related species are a diverse group of environmental microorganisms which under appropriate conditions produce a severe pneumonitis in humans and experimental animals referred to as legionellosis. These invasive, facultative, intracellular parasites grow within the phagosomes of macrophages, where they abrogate phagolysosomal fusion (18, 19) and prevent acidification of the vacuole (20) . Host cellular immune responses appear to be required for protective immunity (3, 17, 21, 29, 42) , and this immunity involves activated macrophages which inhibit multiplication of L. pnelinophila (1, 12, 21, 29) . Macrophages can be activated in vivo by a variety of T-cell antigens, including BCG (12, 31, 42) , and in vitro by gamma interferon treatment (1) . However, specific Legionella antigens associated with cellular immunity have not been identified. Cellular immune responses are also considered to be important for such diseases as tuberculosis and leprosy (2, 28) . In this regard, a 65-kilodalton (kDa) highly conserved heat shock protein (HSP) from Mv(obac terilmn tutbercutlosis and M. leprae has been identified as an important T-cell antigen (28, 33, 34, 39) . It is noteworthy that five of six major protein antigens of M. tuibercullosis are stress induced (43) . An operon coding a highly immunogenic 62-kDa HSP from Coxiella burnetii has been cloned, and the structural gene (htpB) contains sequence homology with the mycobacterial gene coding the 65-kDa protein and with Escherichia (oli groEL (40) . Young et al. (43) have suggested that the invading parasite may respond to the hostile environment of its host by synthesizing stress-induced proteins. The eucaryotic homologs of procaryotic stress-induced proteins have been shown to provide essential cellular functions such as assisting in the posttranslational assembly of oligomeric proteins; participating in renaturation of partially denatured proteins; and, by binding to precursor polypeptides, assisting protein export from one organelle to another (5, 8, 9, 15) . While the role of HSPs in disease has not been extensively investigated, it has been suggested that the parasite-derived homologous HSPs might potentiate autoimmune diseases (39) .
As a first step in examining the role of stress-induced proteins in pathogenesis and immunity, we have cloned and characterized the L. pneutmophila gene coding for the 60- kDa common antigen. The protein is preferentially synthesized upon heat shock (26) and is serologically cross-reactive with the GroEL protein of E. coli (25) and with the M. tuberculosis 65-kDa antigen (34) . The protein is highly immunogenic and is the predominant Legionella protein reactive with human convalescent serum from confirmed cases of legionellosis (32) . Expression of the 60-kDa protein in E. coli appears to require a functional heat shock sigma factor for increased expression at 37°C. Finally, the region of htpB coding the monoclonal antibody (MAb)-reactive epitope was highly conserved among the legionellae and exhibited no detectable homology with E. coli groEL. MATERIALS Protein purification and antibody production. Crude cellfree extract (French press, two passages), prepared from 10 g of cell paste of L. pneumophila SVir as described previously (22) , was subjected to ultracentrifugation at 100,000 x g for 90 min in 50 mM Tris hydrochloride buffer, pH 8.0. The soluble material was diluted to 150 ml in Tris buffer, applied to a DE-52 (Whatman, Inc., Clifton, N.J.) column (30-cm DE-52 in a 60-ml syringe), and washed with column buffer until no A280-absorbing material was detected in the eluate. A shallow gradient of KCl (O to 150 mM) in Tris buffer (300-ml total volume) was used to elute proteins, and fractions containing 60-kDa protein were identified by spotting 10-pil samples onto nitrocellulose and using the MAb for identification by immunoblot. Pooled immunoreactive fractions were concentrated by ultrafiltration and applied to a Bio-Gel P1.5 column (90 by 2.4 cm; Bio-Rad Laboratories, Richmond, Calif.) equilibrated in Tris buffer. Fractions containing 60-kDa protein were again identified by immunoblot. Preparative sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to purify the protein further. The 60-kDa protein was localized in a 7.5 to 15% gradient polyacrylamide gel by removing lanes and using a combination of immunoblotting with the MAb and Coomassie brilliant blue staining. The band containing the 60-kDa protein was excised from the remaining gel and extracted with bicarbonate buffer (10) . Following dialysis against 3 liters of Tris buffer, the protein was concentrated by ultrafiltration and stored frozen at -70°C. The protein concentration was estimated by the biuret method, with bovine serum albumin as a standard (13) .
The preparation of MAb GW2X4B8B2H6 has been described previously (14) . Subcloning, genetic analysis, maxicell, and Southern blot procedures. Cosmid DNA was purified by a combination of alkaline lysis and cesium chloride gradient ultracentrifugation (27) . Cosmid 14B11 was restricted with EcoRI, and DNA fragments were cloned into the EcoRI site of expression vectors pUC19 and bluescript. Transformants were screened by immunoblot for expression of the 60-kDa protein. Restriction endonuclease mapping was done by procedures outlined in reference 27 . Restriction enzymes, buffers, and procedures followed those of the various manufacturers.
Maxicell analysis was performed as described in reference 35. Plasmids pSH16 and pUC19 were transformed into E. coli SE5000 and grown at 30°C because overexpression of the 60-kDa protein in this strain was found to be inhibitory for growth at 37°C. However, to ensure that factors required for transcription of this gene at 37°C (temperature used for radiolabeling) were synthesized, some of the cultures were shifted to 37°C for 30 min prior to exposure to UV light. All cultures were grown to a final optical density of 0.7 to 0.8 (A680; 1-cm light path in a Cary-14 spectrophotometer) and exposed to UV light (300 ergs/mm2). Following overnight incubation in the presence of D-cycloserine (50 p.g/ml), the cells were washed once, suspended in M63 glucose medium to equivalent volume, and incubated at 37°C for 1 h.
[35SJmethionine (1, 134 Ci/mmol; Dupont, NEN Research Products, Boston, Mass.) was added to cell suspensions at 25 pLCi/ml for a pulse time of 10 min. The cells were washed and suspended in SDS sample buffer, and 5-to 20-,u samples were applied to a SDS-polyacrylamide gradient gel; following electrophoresis, the gel was exposed to Kodak XAR X-ray film.
DNA hybridizations essentially followed the procedures of Southern (37 27 kDa of the 60-kDa protein, the HindlIl-EcoRI-generated DNA fragments coding for this region were used as a probe. There are no plasmid sequences or E. coli DNA sequences in this probe. The probe did not hybridize with chromosomal sequences from either B. pertussis (Fig. 4, lane I ) or E. coli (Fig. 4, Temperature-dependent and heat shock expression of the 60-kDa protein in E. coli JM109 and in L. pneumophila. To confirm the 60-kDa protein as a HSP, L. pnieuinooplzila and E. coli JM109(pSH16), grown at 25°C, were subjected to heat shock at 37 and 42°C. Proteins of 15, 17, 60, and 70 kDa expressed by L. pneuinoplhila were preferentially radiolabeled following heat shock (Fig. 5) (Fig. 6A and B) , though at 42°C there was a slight increase (data not presented). These bacteria do not grow above 42°C. These results suggest that the relative level of 60-kDa protein in unstressed Legionella cells remains constant over a wide range of temperatures. Even in cells grown at 23°C, the 60-kDa protein appeared to be the second or third most abundant protein in whole-cell extracts, as indicated by SDS-PAGE. In contrast, expression of the pSH16-coded 60-kDa protein in E. coli was temperature dependent (Fig.  6A and B) . Little or no protein was observed in cells grown at 23°C, whereas at 37°C expression of this protein was increased approximately 20-fold. The gross overexpression of the 60-kDa protein in E. (coli at elevated temperatures may be a consequence of both gene copy (pUC vector) and an inability by E. (oli to modulate expression.
To distinguish between temperature-dependent or sigma factor-32-dependent expression of the plasmid-coded protein at elevated temperatures, pSH16, pSH16A, and pBSH35 (3.2-kb E(coRI fragment in opposite orientation from pSH16) were transformed into an rpoH mutant strain of E. coli. This strain (K165) does not grow at elevated temperatures since it contains an amber mutation in rpoH (sigma-32) suppressed by a temperature-sensitive amber supressor (6) . If expression of 60-kDa protein is simply temperature dependent, expression in K165 should be elevated upon temperature shift. If expression at elevated temperatures requires increased levels of sigma-32, 60-kDa protein levels should remain unchanged. Expression of 60-kDa protein at 37 and 42°C following temperature shift from 30°C was essentially unchanged over basal levels (Fig. 7) . These results suggest that transcription of htpB requires the function of the rpoH (htpR) sigma-32 factor. Alternatively, expression of htpB may require other factors whose expression may be dependent on the expression of the rpoH gene product in E. coli.
Since heat shock genes are highly conserved in all forms of life, we considered the possibility that the heat shock genes of L. pneumophila might complement conditional-lethal heat shock mutants of E. coli. pSH16 was transformed into groES30 and groEL100 strains of E. coli and examined for growth at 37 and 42°C. Ampicillin-resistant recombinants of both strains failed to grow at the nonpermissive temperatures. Immunoblots confirmed that 60-kDa protein was produced at 30°C by these strains. 15 and 60 kDa, tentatively proposed as the products of htpA and htpB, respectively. In L. pneuimnophila, expression of htpB appears to be regulated by thermal stress in a transient manner, indicative of heat shock genes. Following heat shock from 25 to 42°C, the 60-kDa protein was one of several proteins preferentially and coordinately synthesized 10 min after temperature shift. As initially reported by Lema et al. (25, 26) , the increase was approximately twofold over synthesis at 25°C. In contrast, the expression of 60-kDa protein in L. pneumophila under non-heat shock, steady-state growth conditions was unaffected by temperature except at the extreme permissive temperature of 42°C. The transient and steady-state responses suggest a second level of control typical of heat shock genes (11, 15) . While the 60-kDa HSP of Legionella spp. was serologically cross-reactive with GroEL (25), we do not know whether the 15-kDa HSP is a homolog of GroES. Preliminary results from deletion analysis suggest htpA to be upstream of htpB, but whether these genes are arranged into an operon like groE (15) and a related heat shock operon of C. biurnetii (40) has not been established. Sequence analysis of the 3.2-kb DNA fragment as well as analysis of mRNA transcripts should resolve questions regarding operon structure. Preliminary sequence data (manuscript in preparation) indicate that the open reading frame for hptB terminates approximately 260 bases from the EcoRI site and codes for the terminal amino acid repeat (-Gly-Gly-Met-Gly-Gly-Met-Gly-Gly-Met-Met) typical of the GroEL class of HSPs (15, 40) .
The temperature-dependent expression of 60-kDa protein from pSH16 could be abolished in an rpoH (htpR) sigma-32 mutant of E. coli K165 (6) . At nonpermissive temperatures (37°C or higher), reduced synthesis of sigma-32 has a pleiotropic effect on the transcription of heat shock genes (11) . The results obtained in this study are consistent with the idea that transcription initiation for htpB requires a functional sigma-32 factor or perhaps a factor whose synthesis is dependent on sigma-32. It is not clear, however, why heat shock expression of 60-kDa protein is elevated only twofold in L. pneumophila. Generally, the HSPs of E. coli exhibit more substantial increases following heat shock (11, 15, 26) . That a twofold increase in expression was also noted for pSH16 following heat shock suggests that differences in expression might be related to htpB, rather than to differences in the transcription machinery between these genera. Another characteristic of the HSPs of E. coli is their presence in low levels under non-heat shock conditions (11, 15) . In contrast, the 60-kDa protein was one of the most abundant proteins detected in extracts of L. pneumophila grown at a variety of temperatures under steady-state growth conditions (23 to 37°C). Since expression of 60-kDa protein from pSH16 in E. coli was dependent on temperature, it is likely that differences in levels of expression of 60-kDa protein between these bacteria reflect differences in expression or activation of heat shock sigma factors. Certainly, the high level of 60-kDa protein in L. pneumophila under nonheat shock conditions indicates that this protein plays perhaps a more prominent role than do the GroE proteins in E. coli.
Synthesis of 60-kDa protein in E. coli at 37°C appeared to be uncontrolled, suggesting that the E. coli gene products which usually modulate the heat shock response may not recognize htpB or the 60-kDa product. The failure of E. coli to modulate the response may also be complicated by expression from a multicopy plasmid. Vodkin and Williams also noted that expression of htp genes of C. burnetii in E. coli was temperature dependent (40) . The gross overexpression from multicopy plasmids might in itself provide the stress response which perpetuates the high-level expression. E. coli strains harboring pSH16 and pBSH35 grew poorly at 37°C, and revertants to normal growth no longer expressed 60-kDa antigen. We have observed that the overexpressed 60-kDa protein is susceptible to proteolysis by E. coli and that in resting cells most of the protein is degraded to 30-kDa fragments which retain the MAb-reactive epitope (unpublished observations). The fate of the 15-kDa protein, which is unreactive with either the MAb or polyclonal antibody raised to the 60-kDa protein, is unknown. Further studies on the regulation of expression of these genes will require their expression from either low-copy vectors or genes integrated into the E. coli chromosome to avoid problems due to gene copy.
Our interest in the Legionella 60-kDa protein resulted from a prior study in which we characterized a MAb that identified by enzyme-linked immunosorbent assay and immunoblot a protein of similar molecular weight expressed by all named species of Legionella (14) . Interestingly, the MAb also identified a 58-kDa protein in all Bordetella species (14; unpublished results). That the MAb failed to react with so many different genera of bacteria led us to consider the possibility that Legionella and Bordetella spp. might share DNA sequence homology for this gene. At low stringency (approximately 26% mismatch in duplex), we noted no hybridization with E. coli sequences and weak hybridization with sequences from B. pertussis. The weak hybridization noted for B. pertussis does not rule out the possibility that some sequence homology exists in the region coding the MAb epitope. That the DNA probe did not hybridize to E. coli chromosomal sequences suggests that this region of the htpB gene may be less conserved among bacteria. We do not know whether there is significant DNA homology between groEL and htpB in the region coding the amino terminus or for htpA and groES. Further comparisons will require DNA sequence data for htpB and htpA.
The apparent lack of homology between the HindIllEcoRI region of htpB (coding the carboxyl region of the 60-kDa protein) and groEL might also explain the inability of htpA and htpB from pSH16 to complement groES30 and groELIOO mutants of E. coli. The gene coding the mycobacterial 65-kDa protein was also unable to complement mutations in E. coli (34) . While the GroEL class of proteins appear to be highly conserved through evolution, it is equally possible that these proteins have become so highly specialized as to be nonfunctional in a different genetic background. That the DNA probe hybridized to chromosomal sequences from the various species of Legionella tested suggests that the htpB gene may be conserved within this genus. The genomic DNA sequence homology among the various species of Legionella varies greatly, with many containing <7% homology with L. pneumophila (4) . Therefore, the high degree of sequence homology predicted for the htpB genes suggests that the functional role(s) for the 60-kDa proteins may be both conserved and highly specialized within the genus.
In general, stress-induced proteins of procaryotic pathogens share cross-reactive epitopes and are highly immunogenic (15, 34, 36, 40) . The mycobacterial 65-kDa protein, which is 54% homologous to GroEL (34) , is recognized as a key humoral and cellular immune antigen (2) and a candidate for immunoprophylaxis (43) . Since these proteins are expressed by normal flora as well as by pathogens, it is not surprising that the host immune system responds in a generalized nonspecific manner to these antigens. This nonspe-VOL. 57, 1989 on October 28, 2017 by guest http://iai.asm.org/ Downloaded from cific immunity might provide the host with increased resistance to microbial infections. In this regard, nonspecific immunity to lethal challenge with L. puienlnopiila has been noted in guinea pigs vaccinated with BCG or intected with mycobacteria (12, 42) . In contrast, production of nonspecific antibodies to GroEL-like antigens might diminish the specificity of serological tests, especially with whole-cell prepilrations, and as recently shown for the mycobacterial 65-kDaL antigen, contribute to autoimmuLne diseases such as arthritis (39) . Future studies must address whether the expression of stress-induced proteins is increased in human aind animal hosts and whether these proteins exhibit biologicatl activities related to pathogenesis. Since the IitpB genes of the various Legionieliti species appear to possess substantial sequence homology, it will be important in future studies to characterize further epitopes common to the genus which may be involved in humoral and cell-mediated immunity and ais targets for immunodiagnostic reagents.
